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Correspondence and requests for materials should be addressed to M. The volcanism responsible for creating the chain of the Hawaiian islands and seamounts is believed to mark the passage of the oceanic lithosphere over a mantle plume 1, 2 . In this picture hot material rises from great depth within a fixed narrow conduit to the surface, penetrating the moving lithosphere 3 . Although a number of models describe possible plume-lithosphere interactions 4 , seismic imaging techniques have not had sufficient resolution to distinguish between them. Here we apply the S-wave 'receiver function' technique to data of three permanent seismic broadband stations on the Hawaiian islands, to map the thickness of the underlying lithosphere. We find that under Big Island the lithosphere is 100-110 km thick, as expected for an oceanic plate 90-100 million years old that is not modified by a plume. But the lithosphere thins gradually along the island chain to about 50-60 km below Kauai. The width of the thinning is about 300 km. In this zone, well within the larger-scale topographic swell, we infer that the rejuvenation model 5 (where the plume thins the lithosphere) is operative; however, the largerscale topographic swell is probably supported dynamically.
Thermomechanical processes caused by plume-lithosphere interactions have been studied for several decades. Various models have been proposed to explain the generating mechanism of the Hawaiian swell: (1) a model in which the dynamic pressure of the plume material flowing in the asthenosphere away from the plume centre supports the uplift of the sea floor 4, 6 ; (2) the thermal resetting (rejuvenation) model, in which the oceanic lithosphere is heated when it passes the hotspot, and thinning of the lithosphere causes isostatic uplift of the Hawaiian swell 5 ; (3) a model in which Figure 1 Location map of permanent broadband stations KIP (IRIS/GEOSCOPE), MAUI (GEOFON) and POHA (IRIS/USGS). Piercing points of S-receiver functions at 100 km depth are shown (same symbols as stations). Two lines labelled NW-SE and SW-NE indicate the two sections shown in Fig. 2 onto which the S-receiver functions are projected. Section NW-SE is along the island chain while section SW-NE is perpendicular to the chain.
extracted basaltic melt of the plume material underplates the base of the lithosphere. This residue of the plume material is compositionally lighter and has high seismic velocity [7] [8] [9] . Different models predict different seismic thicknesses of the lithosphere. In the first model, the lithospheric thickness along the swell is relatively stable. The second model (thermal rejuvenation) predicts a thinner lithosphere when it passes the hotspot. The lithospheric thickness in the third model will be larger than normal.
Until now, only the following observations of the lithospheric thickness by means of different seismic data have been available. In studies of surface-wave dispersion between Big Island and Oahu, a thickness of 88 km was suggested for a lithosphere 80-90 million years (Myr) old 10 . Between Oahu and Midway, 2,000 km northwest of Oahu, the average lithospheric thickness is estimated to be 100 km for a 50-110-Myr-old lithosphere 11, 12 . In studies using converted waves, the thickness beneath Oahu was suggested to be 65-80 km (refs 13, 14) , and 80 km southwest of Oahu 15 . From surface-wave dispersion data of an OBS (ocean bottom seismometer) array southwest of Oahu and Big Island, the average seismic structure of a 100-Myr-old oceanic lithosphere was derived and a significant velocity reduction at asthenospheric depths closer than 300 km to the island chain was found 16 . These facts are not sufficient to distinguish between competing models of lithosphere-plume interaction.
We have applied seismic techniques (S-receiver functions 13, 17, 18 ) developed for P-receiver function studies to S-to-P converted waves (see Supplementary Information for a comparison of both techniques). S-receiver functions have been calculated from data of the permanent broadband stations POHA (IRIS/USGS), MAUI (GEOFON/ GeoForschungsZentrum, Potsdam) and KIP (IRIS/ GEOSCOPE), which are located on the islands of Hawaii, Maui and Oahu, respectively. The locations of the stations POHA, MAUI and KIP and the piercing points of the S-to-P conversions at 100 km depth are shown in Fig. 1. Figure 2 shows the stacked S-receiver functions for a section NW-SE along the island chain (Fig. 2a) and a section SW-NE perpendicular to it (Fig. 2b) . The sections are formed by stacking individual traces with piercing points at depths of 100 km within a window of length 30 km. Then the window is moved by 20 km for a new summation trace. Before summation, all traces were corrected for epicentral distance or slowness. A reference slowness of 6.4 s deg 21 has been chosen, similar to that in many P-receiver function studies, making P-to-S and S-to-P differential times directly comparable.
To suppress oceanic noise, a 7-20 s bandpass filter is applied. We reversed the polarity of amplitudes to compare the data directly with P-receiver functions. A clear negative phase (LAB, lithosphereasthenosphere boundary) is identified in Fig. 2a, b . Negative (shaded) amplitudes are caused by velocity reduction downwards. To confirm that this phase is caused by the LAB, we compared the S-receiver functions with conventional P-receiver functions at the same stations and found good agreements (see Supplementary  Information) . The data in Fig. 2 are in the time domain. These delay times (in seconds) can roughly be converted into depth (in kilometres) by multiplying all times with a factor of 9, from the IASP91 model. Figure 2a shows clearly that along the island chain the LAB thins from Big Island (12 s or 108 km depth at profile kilometre 500) to Kauai (6 s or 54 km depth at profile kilometre 0). Perpendicular to the island chain on the SW-NE section (Fig. 2b) , the LAB is at 12 s delay time (108 km deep) at profile kilometres 2150 to 2100 and again at profile kilometre 200, northeast of the chain. It thins to 7-8 s (63-72 km deep) at profile kilometres 50-100 which is directly beneath the island chain along the profile (Fig. 1) . The NW-SE section (Fig. 2a) contains all available S-to-P data. The perpendicular SW-NE section (Fig. 2b ) contains only records with piercing points southeast of Oahu, which have similar minimum LAB depths. The two profiles in Fig. 2 indicate thinning of the lithosphere from Big Island to Oahu and Kauai as imaged in Fig. 3 . The end of the thinning in the northwest direction is not visible. A station on Kauai or OBS stations northwest of Kauai would be necessary to follow the continuation of the lithospheric thinning.
We obtain from our observations the following picture of the plume-lithosphere interaction. Whereas the Pacific plate overrides the Hawaiian plume with a velocity of 7-8 cm yr 21 , plume material hits the lithosphere and is dragged off. It spreads mainly in the direction of the plate motion and causes a long tail along the Hawaiian island chain. The bottom of the lithosphere is heated by letters to nature the plume material from below and the increased temperature will reduce the velocity of elastic waves. In the vicinity of the present plume centre, only the lowest part of the lithosphere is heated and the lithospheric thickness does not change much with respect to that of a 90-100-Myr-old oceanic plate. As time increases, more and more material from the lower part of the lithosphere is warmed up and the seismic LAB becomes shallower. After 3-4 Myr of heating time the thinnest lithosphere of 50-60 km is achieved beneath Oahu and Kauai-a location about 400 km away from the current plume centre 10 . Further away, at Midway Island, which passed the plume centre about 28 Myr ago, the plume material begins to lose its temperature and the lithosphere thickens again 11, 12 . We conclude that the Hawaiian plume has gradually reheated up to 50 km of the lower lithosphere within the last 3-4 Myr in an area of 500 £ 300 km along the island chain. This means that a substantial amount of heat is trapped below the lithosphere. The lateral extent of the asthenospheric updoming is significantly smaller than the extent of the Hawaiian topographic swell. A consequence of our result could be that the entire topographic swell is caused by, for example, the dynamic support of the plume, and so rejuvenation would be contributing only in the central part. Data from longerterm broadband stations on Kauai, and on the ocean bottom northwest of Kauai, could permit imaging of the 're-ageing' of the rejuvenated Hawaiian lithosphere. Corrosion of iron presents a serious economic problem. Whereas aerobic corrosion is a chemical process 1 , anaerobic corrosion is frequently linked to the activity of sulphate-reducing bacteria (SRB) [2] [3] [4] [5] [6] . SRB are supposed to act upon iron primarily by produced hydrogen sulphide as a corrosive agent 3, 5, 7 and by consumption of 'cathodic hydrogen' formed on iron in contact with water [2] [3] [4] [5] [6] 8 . Among SRB, Desulfovibrio species-with their capacity to consume hydrogen effectively-are conventionally regarded as the main culprits of anaerobic corrosion [2] [3] [4] [5] [6] [8] [9] [10] ; however, the underlying mechanisms are complex and insufficiently understood. Here we describe novel marine, corrosive types of SRB obtained via an isolation approach with metallic iron as the only electron donor. In particular, a Desulfobacterium-like isolate reduced sulphate with metallic iron much faster than conventional hydrogen-scavenging Desulfovibrio species, suggesting that the novel surface-attached cell type obtained electrons from metallic iron in a more direct manner than via free hydrogen. Similarly, a newly isolated Methanobacterium-like archaeon produced methane with iron faster than do known hydrogen-using methanogens, again suggesting a more direct access to electrons from iron than via hydrogen consumption.
Some 10% of all corrosion damages to metals and non-metals may result from microbial activities 11 . A significant process in this respect is the anaerobic corrosion of iron or steel, for instance in oil technology 3, 6, 11 
). However, sulphate-reducing bacteria (SRB) promote the anaerobic oxidation of iron [2] [3] [4] [5] [6] . Their activity often occurs in biofilms and tends to pit the iron 2, 3, 13 . An indirect and a direct corrosion mechanism may be distinguished 3, 5 : these may occur simultaneously at different extents, depending on the load of waters with biodegradable organic compounds.
The indirect mechanism is a chemical attack by hydrogen sulphide (Fe þ H 2 S ! FeS þ H 2 ) which is faster than that by water 3, 5, 7 and also promotes so-called hydrogen embrittlement of the metal 1, 12 (see also http://www.corrosion-doctors.org). Because SRB commonly use organic compounds (shown here as [CH 2 O]) and often also H 2 for sulphate reduction, the net reaction of indirect corrosion (for complete carbon oxidation by SRB communities) can be written as: 
In the direct mechanism according to the depolarization theory (see Supplementary Information) 8 , SRB are supposed to stimulate corrosion by scavenging 'cathodic hydrogen' or a 'hydrogen film'
